Introduction
[2] This study focuses on structures in horizontal divergence on spatial scales of less than 200 km and on the processes that cause this in Earth's high-latitude thermospheric wind field. Global-scale thermospheric dynamics by contrast, have been extensively discussed by Crowley [1991] , Roble [1983] , and others.
[3] Our model represents a small region of the thermosphere collocated with strong ion convection, such as occurs at auroral latitudes. Global-scale general circulation models have been developed by Dickinson et al. [1981] , Richmond et al. [1992] , Fuller-Rowell and Rees [1980] , and Harris [2001] , but the resolution of these is insufficient to observe processes on the scales being studied here. However, a nested grid model [Wang et al., 1999] does allow for a region of higher resolution than is normally achieved by global-scale models. The high resolution region is placed within the global-scale model, however, input fields are rarely specified with adequate spatial resolution to study the small-scale dynamics being considered here.
[4] Observational studies have measured divergence in thermospheric winds. Using wind measurements at three locations, Larsen and Mikkelsen [1990] estimated the essentially instantaneous neutral wind divergence in the height range 95-160 km. Temporally and spatially averaged estimations of divergences were obtained by Thayer and Killeen [1991] using satellite data, although the averaging precluded localized structure from being resolved. Atmospheric gravity waves, ubiquitous in the high latitude thermosphere, have been reviewed by Hocke and Schlegel [1996] . Gravity waves impose localised divergence onto the wind field. These divergences can be large -of the order 1 Â 10 À3 s À1 .
[5] Theoretical studies into divergence by Mayr and Harris [1978] determined that non-divergent momentum sources produce predominantly non-divergent winds, with Joule heating being in practice responsible for most divergent flows. Thayer and Killeen [1993] have shown ion convection in the thermosphere is non-divergent to first order. Cole [1971] predicted that ion-drag could drive large neutral winds. Whether the suggested velocities occur in practice depends in part on neutral divergence, which is strongest at high latitudes (due to numerous heat sources) and increases with enhanced geomagnetic activity [Thayer and Killeen, 1991] .
Model
[6] Using a PC-based commercial solver package utilizing the Finite Element Method, a simplified model of the upper atmosphere was developed specifically to determine causes of locally divergent neutral winds. The current study focuses on the horizontal component of neutral wind divergence, and the two horizontal gradients that constitute this.
[7] The model essentially consists of time-varying nondivergent ion convection that flows through a neutral background atmosphere with a non-divergent initial flow. It is the interaction between the ions and the neutrals that is of interest, and particularly any divergent neutral flow that is established. The model domain extends 1000 km in the zonal direction, 600 km in the meridional direction and spans from 100 to 400 km vertically. The dimensions of this model allow investigations on scale sizes smaller than those normally resolved by observations.
[8] There are five equations (the energy and mass conservation equations along with the three components of the momentum conservation equation) coupled within the model, with other quantities entered via empirical relations. Each of the equations and related quantities are expressed per unit mass in an Eulerian frame.
[9] Computational limitations forced some approximations whilst others were made because it is a local scale model allowing some processes found in global models to be ignored. Approximations used include:
[10] 1. Curvature of the Earth is ignored, allowing Cartesian coordinates to be used.
[11] 2. Coriolis and centrifugal 'forces' are ignored. Simple scaling analysis shows that although the Coriolis 'force' becomes significant over the model's largest dimension (1000 km) it should not be a major contributor in establishing divergence over the scales of 100-200 km that we focus on within the domain.
[12] 3. The atmosphere consists of one species, treatable as an ideal gas, with the properties of atomic oxygen where required.
[13] 4. The model is initially in large-scale thermal equilibrium. Solar, radiative and particle precipitation heating are ignored over the relatively short time scale examined, as is radiative cooling.
[14] 5. There is no chemistry treated in the model, thus, there are no particle sources or sinks.
[15] As is typical with partial differential models with a discretely sampled grid, computational limitations forced a number of strategies to stabilize the model, including the introduction of a 'stability factor' that enhances the viscosity and the thermal diffusivity terms by a factor of 1000, having an overall dampening effect on the model. Using altitude as the vertical co-ordinate, hydrostatic equilibrium is only enforced initially, allowing small departures throughout the subsequent model run. Because large vertical density gradients were unstable, a constant initial temperature of 2000 K was used. This approximation reduced the vertical gradient in density, but only directly affected the initial vertical temperature gradient of the model. This study focuses on the development of time-dependent horizontal wind gradients, which we note are not strongly dependent on this approximation.
Equations
[16] The momentum conservation equation used is:
whereũ is the neutral wind velocity vector, t is time, m is the viscosity co-efficient, r is neutral mass density,g is gravity, P is pressure, n ni is the neutral-ion collision frequency andṽ the velocity vector of the ions.
[17] The LHS of equation (1) is the acceleration of the neutrals with the RHS consisting of terms describing advection, viscous forces, gravity, pressure gradient and ion drag.
[18] Although the momentum equation contains pressure, this quantity is not solved for directly, instead we solve for density and temperature then determine pressure through the ideal gas equation.
[19] The equation that describes conservation of energy is:
where T is temperature, k is the thermal diffusivity coefficient, c v the specific heat capacity at constant volume, g is the adiabatic constant and f is the rate of viscous heating given by Lamb [1932] .
[20] The LHS of equation (2) is the time rate of change of temperature at a fixed location. The RHS comprises terms describing advection, thermal conduction, the work done on or by the system, the work done in accelerating a parcel of air, Joule heating and finally viscous heating.
[21] Mass conservation is given by:
[22] The first term on the LHS of equation (3) represents the time rate of change of density and the second term the divergence of mass flux.
Predefined Fields
[23] The boundary and initial conditions are as follows: the normal derivatives of all the model parameters are set to zero on the side boundaries. On the top boundary the normal derivatives of temperature and velocity components are also set to zero and hydrostatic equilibrium is imposed using the normal derivative of density. Temperature and density are held constant over the bottom boundary, whilst the neutral and ion velocities are set to zero.
[24] The choice of boundary conditions is very important for any PDE problem as these will have an affect on the overall solution. These effects have been closely watched, for example we have found that waves are generated at the boundaries. These are understood to be a consequence of discontinuities in second derivatives at the boundaries. The results presented here are from regions 'central' to the model which, for the length of time considered here, should be less influenced by the boundary conditions than regions nearer the boundaries.
[25] Initially the neutral winds are purely zonal, with a Gaussian-shaped altitude profile that peaked at 20 ms À1 at a height of 250 km. The background neutral number density is initially distributed with a simple exp À z H À Á profile, where z is altitude and H represents the scale height. At the base of the model the neutral mass density is 6 Â 10 À7 kg/m À3 decreasing to 7.2 Â 10 À9 kg/m À3 at the top. The ions are initially distributed with a Chapman-like profile with a peak number density of 5 Â 10 11 m À3 at an altitude of 250 km.
[26] Thayer and Killeen [1993] showed that ion convection is to first order non-divergent. The ion convection pattern in the model is therefore entered via an empirical formula that is known to be non-divergent. It is noted that there are occasions where the actual ion convection can be locally divergent, as is described by André et al. [2003] , but we focus here on non-divergent convection.
[27] Ion convection velocities maximize at an altitude of 250 km, to coincide with the peak in the ion density, and fall away slowly with increasing altitude. This is done to reduce upper boundary interactions. As seen in Figure 1 (top) , the convection velocity field contains an extended channel of eastward flow, with a kink partway along it. The kink was implemented to create a gradient in the momentum deposition parallel to the background flow. This was done to test the hypothesis that motion of this gradient may induce divergent neutral winds.
[28] Observations of electric fields and ion velocities [De La Beaujardiere et al., 1981; Yau et al., 1981] . Using these values as a guideline, the maximum velocity of the ions, at the center of the convection channel, is 2000 ms
À1
. Although this is in the upper limit of velocities observed to persist for $1 hour timescales it is believed that the conclusions would still be valid for slower ion velocities.
Results and Discussion
[29] Although numerous models were run with similar results observed, this paper will concentrate on two. We designate these as models A and B.
[30] Model A has a realistic heat capacity (an approximation based on a 50/50 mixing ratio of monatomic and diatomic species) whilst in model B the heat capacity is artificially enhanced by a factor of 1000. This allows the effects of localized heating, i.e. the pressure gradients set up by thermal expansion, to be separated from inertial effects caused by time-varying momentum deposition.
[31] We have verified that this modification behaves as expected, for example, the temperature of the neutral particles at the end of model A increased by up to 375 K whilst in model B the maximum increase was only 2.5 K. This means that the thermal expansion (and hence pressure gradients) normally associated with heating are suppressed in model B.
[32] Models A and B used the ion convection pattern shown in Figure 1 (top) . The kink in the ion convection pattern was in the indicated position for the first 1800 seconds of model time. The convection pattern was then displaced eastward by 300 km where it remained for the final 1800 model seconds.
[33] Despite the approximations, the wind fields also behaved as expected. For example, the velocity of neutral particles either within or in close proximity to the ion convection channel increased due to exchange of momentum through ion drag and direct collisions and was also accompanied by an increase in the temperature of the neutrals in model A, all occurring with reasonable time constants. There was also evidence (from movies created by the modelling package) of the generation of acoustic waves as a result of the ion convection interacting with the neutral particles. Most importantly for the current study, horizontal divergence was also observed. Notably, horizontal divergence within the model was an order of magnitude greater than reported for the real atmosphere by Larsen and Mikkelsen [1990] and Thayer and Killeen [1991] , most likely a consequence of the higher spatial and temporal resolution of the model.
[34] Generation of divergence and convergence was concentrated in close proximity to the convection pattern. However, there was also divergence and convergence found some distance from the ion convection pattern, mostly near the boundaries. We understand this to be due to boundary conditions and will be ignored.
[35] By comparing the results of models A and B at the same model time, we can determine the role that both localized heating and inertial processes play in creating divergence, since the only difference between the models is the heat capacity. Here we compare the models after 2400 model seconds, at which time the ion convection pattern had been at its new position for 600 model seconds.
[36] As an example, Figure 1 (middle) shows that the total horizontal divergence of model A was concentrated about the position of the ion convection pattern. A similar distribution is seen in model B however, the amount of divergence in model B was reduced; typical differences were 2 Â 10 À3 s À1 . We interpret this as indicating suppression of pressure gradients that would otherwise form due to localized heating. However, significant divergence was still present in model B, at least close to the ion convection channel. This means that some other process also contributed to establishing divergent neutral winds. It is our contention that this was a response to time-varying momentum deposition, therefore, an inertial process. These inertial effects are able to produce divergences because of the nonlinearity in the governing system of equations.
[37] Further to this result, we are able to consider separately the two gradients that make up horizontal diver- gence. We are considering a scenario broadly representative of the dusk auroral oval, with a longitudinally extended channel of ion convection and a background neutral flow parallel to this. For such a geometry we denote the two contributions as streamwise, the horizontal gradient parallel to the background flow, and spanwise, the horizonal gradient perpendicular to the background flow.
[38] Figure 2 shows three plots of models A and B after 2400 model seconds. Figure 2a shows, as a function of zonal distance, the 98th percentile (to eliminate outliers) of the absolute total-horizontal-divergence, occurring in a 'slice' of model output corresponding to a particular zonal position. The outer 50 km border region of each slice is ignored to limit the affects of the boundary conditions, at each zonal position. The differences in the two curves indicate the difference between the maximum divergences anywhere in the 'slice' and not necessarily in a pixel matched sense. Figures 2b and 2c have the same format, with Figure 2b showing the streamwise contribution and Figure 2c showing the spanwise contribution. This figure indicates that suppressing thermal expansion does reduce the total horizontal divergence, however, there is still significant divergence in model B.
[39] Figure 2b indicates the streamwise contribution was almost identical in the two models, meaning that localized heating does not play a significant role in generating streamwise divergence. The time-history of the streamwise contribution indicates that it arose in both models in response to the time varying convection.
[40] Since the spanwise contribution was reduced so significantly between the two models, Figure 2c , it is apparent that the spanwise contribution was dominated by pressure gradients formed by localized heating. As this is the dominant contribution to horizontal divergence, a significant reduction in this term leads to a significant reduction in the overall horizontal divergence.
Conclusion
[41] A simplified local-scale numerical model of the thermosphere has been used to perform numerical experiments to test the hypothesis that inertial processes play a role, along with localized heating, in the generation of horizontal divergence.
[42] The major findings of this study are:
[43] 1. Ion convection appears able to produce horizontal divergence in the neutral atmosphere through at least two processes.
[44] 2. We confirmed the long-held view that local heating is the most effective driver of divergence.
[45] 3. In addition, we found that somewhat smaller but still very significant divergence can be established by inertial effects in the presence of time-varying ion convection. Future work will focus on using a more complete model with higher spatial resolution to more accurately characterise this new mechanism.
[46] 4. The former of these two mechanisms is the dominant driver of divergent velocity gradients perpendicular to the convection channel (spanwise), whereas the latter is the dominant driver of divergence parallel to the convection (streamwise), for the geometries considered here.
[47] Our conclusion that the spanwise contribution results from heating induced pressure gradients is physically reasonable. As there is extended heating in the streamwise direction, thermal expansion will occur more readily in the direction perpendicular to the flow (the spanwise direction) whilst being suppressed in the streamwise direction. 
